Two-dimensional arrays of monodisperse nanosized Co particles are prepared on carbon and glass substrates by a magnetophoretic deposition technique from colloidal suspensions. Transmission electron microscopy ͑TEM͒ reveals a complicated cubic crystalline structure of the particles and hexagonal ordering over several micrometers squared, if the colloidal suspension is dried in magnetic fields of up to 0.8 T. Angular-dependent ferromagnetic resonance ͑FMR͒ spectra of 4-, 5-, 9-, and 12-nm-diameter particles at 297 K show that the easy axis of magnetization is in plane and that only the 12 nm particles are measured below the blocking temperature estimated to be 656 K. The resonance linewidth is on the order of 0.1 T, indicating a much larger magnetic inhomogeneity of the particles than the small geometric and size distribution ͑Ͻ10%͒ observed by TEM suggests. Characteristic differences of the FMR spectra for different substrates and deposition parameters are observed.
I. INTRODUCTION
Two-dimensional lattices of monodisperse ferromagnetic nanoscale particles present a new approach to the manufacturing of future ultra-high-density magnetic recording media. 1 Three-dimensional lattices of 4-nm-diameter FePt particles showing ferromagnetic long-range order at 300 K have been prepared and magnetically analyzed. 2 This type of technology may provide an easy and low-cost approach to magnetic recording at areal densities in the terabits-persquare-inch regime. The assembly of two-and threedimensional lattices from nearly monodisperse Co ͑Ref. 3͒ and CoO ͑Ref. 4͒ nanocrystals was also demonstrated recently. However, magnetic long-range order was not observed at room temperature due to a small magnetic anisotropy. The study of nanoscale magnetic properties is not only of technological importance but also of fundamental interest. Ground-state magnetic properties of nanoscale materials have been found to change due to surface and quantum-size effects like, for example, enhanced magnetic moments in Co clusters 5 or the appearance of ferromagnetism in ultrasmall 4d clusters. 6 Here, we report on the synthesis of monodisperse Co particles, their magnetic properties, and the self-assembly of these particles into regular quasi-two-dimensional lattices. The size of the Co particles is tunable from 4 to 12 nm diameter with a standard size deviation of less than 10% as determined from transmission electron microscopy. Ferromagnetic resonance spectra were recorded at room temperature which show that arrays of 9 nm particles are magnetically not stable at room temperature while arrays of particles with 12 nm diameter can support long-range order at room temperature.
II. EXPERIMENT
Co nanocrystals were prepared using a combination of oleic acid and oleyl amine to stabilize the monodisperse Co colloids. The synthesis is based on the thermal decomposition of dicobaltoctacarbonyl ͓Co 2 ͑CO 8 ͔. A typical synthetic procedure is as follows: Under airless condition, a mixture of oleyl amine ͑1 mmol͒, deoxygenated decane ͑100 ml͒, and oleic acid ͑1 mmol͒ is heated to 343 K. 1 mmol of dicobaltoctacarbonyl is added and stirred for 15 min. Finally, the solution is allowed to simmer for 1 h. After cooling to room temperature the particles were separated from the solvent by a magnet in a similar fashion as reported in Ref. 4 . The ultrasmall particles remain in the solvent due to their smaller effective magnetic moment and the separated larger particles are redispersed in 100 ml toluene. This procedure is repeated until all fractions of particles of the same size are separated. The results of this process are shown in Fig. 1 . The initial solution ͑left͒ contains particles of many sizes. After subsequent separations in a magnetic field a solution containing monodisperse particles can be obtained as shown by the transmission electron microscopy ͑TEM͒ image in Fig. 1 . Regular arrays of nanosized magnetic Co crystals can be formed by drying of the solution of highly monodisperse particles in a magnetic field. 7 This so-called magnetophoretic deposition has been performed under identical conditions on different kinds of substrates, that is Si, quartz glass, or carbon-coated Cu grids. Only for the latter, TEM imaging was possible. Prior to the deposition, the quartz substrates were cleaned by flushing with acetone and distilled water, followed by flushing in ethanol and distilled water.
Ferromagnetic resonance spectra were recorded at room temperature at 9.5 GHz for different orientations of the static magnetic field with respect to the film plane.
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III. PARTICLE STRUCTURE AND HEXAGONAL ORDERING
The typical result of the magnetophoretic deposition is shown in Fig. 2 . The TEM micrographs were recorded after spreading a drop of the solution on a carbon-coated Cu grid while applying a magnetic field of 0.35 T parallel to the plane of the grid. 200-nm-wide stripes ͑Fig. 2, right͒ of 12-nm-sized Co particles are formed which consist of a regular hexagonal network ͑Fig. 2, left͒. The formation of stripes along the magnetic-field lines must be attributed to the alignment of the magnetic dipoles of the Co particles in the magnetic field which are free to rotate during the drying process. Most likely, the origin of the stripes is not the presence of the TEM grid, since the Co stripes are narrower than the TEM grid lines and run at oblique angles to the grid. The particles are monodisperse with a size deviation of less than 5%, as can be seen from these images. The ''crystallinity'' of this network is demonstrated by calculating the Fourier transform ͑inset͒ of the area indicated by the square box in Fig. 2 , right. Well-resolved reciprocal lattice spots of a hexagonal lattice are observed. The nearest-neighbor distance is 15.9Ϯ1 nm, which is the distance from the center of one particle to the next. One should note that part of the stripes consists of more than one layer of Co particles forming a nearly perfect threedimensional lattice. Each particle is covered with a thin nonmetallic shell whose exact composition is not known. This ''dirt'' layer containing most likely oxygen, carbon, and hydroxil contaminants has a thickness of at most 0.6 nm based on the analysis of the TEM images.
The lattice structure of the individual particle is complicated and depends on the details of the chemical preparation. While for previously prepared particles a bcc type of lattice was reported, 7 more recently fabricated particles show a more complicated cubic structure. 8 Additional highresolution TEM work is needed to clarify the lattice structure.
IV. FERROMAGNETIC RESONANCE
Ultrasmall Co clusters and particles in solid matrices have been investigated by ferromagnetic resonance ͑FMR͒ previously. 9 The dynamical susceptibility, which is the magnetic response to high-frequency, low-power magnetic excitations, can be investigated. Resonance field and linewidth provide valuable information on the effective anisotropy, relaxation time of the magnetization, and the distribution of the effective magnetization that is of the magnetic moment and the intrinsic magnetic anisotropy. Dependent on the volume of the particle and on its magnetic anisotropy energy, the particles ͑4-12 nm͒ used in our study are expected to be in a superparamagnetic ͑nonordered͒ or in an ordered magnetic state. For 1.5-nm-diameter Co particles containing about 150 atoms, a blocking temperature T B ϭ9 K and a small effective anisotropy of K a ϭ0.73ϫ10 6 J/m 3 has been reported. 5 Assuming spherical particles, the blocking temperature can be estimated from 30k B T B ХK a V (V, volume of one particle͒. 5 Using the reported values for the volume anisotropy K V ϭ2 ϫ10 5 J/m 3 and the surface anisotropy K S ϭ0.2 mJ/m 2 , 5 one can calculate the total magnetic anisotropy energy density according to the phenomenological equation K a ϭK V ϩ6K S /D, where D is the diameter of the particle. The latter equation, which has been verified for ␣-Fe nanoparticles experimentally, 10 reflects the increasing importance of the surface layer relative to the particle volume for smaller particles. The factor 6 arises from the ratio of the surface (D 2 ) to the volume (D 3 /6) of a sphere. 10 With these values we obtain a rough estimate for the blocking temperatures of T B ϭ70, 304, and 656 K for our 5, 9, and 12 nm particles. Hence, one may expect characteristic differences in the magnetic response for 9 and 12 nm particles around 300 K. In Fig. 3 we show characteristic resonance spectra of 9 nm particles deposited on a quartz substrate. Spectra were recorded with the magnetic field applied in plane and out of plane. As mentioned before, the geometric arrangement of the particles on the substrate could not be measured. We assume a quasi-two-dimensional ordering on the surface, which is no agglomeration, since the deposition conditions were similar to the ones on carbon grids. For these we could confirm the lattice formation by TEM images ͑Fig. 2͒.
The spectra show a resonance field B r ϭ0.3085 Ϯ0.0005 T, a peak-to-peak resonance linewidth ⌬H pp ϭ0.08 T, and no-angular dependence as expected for the magnetic response of superparamagnetic particles above their blocking temperature. The resonance field yields a g factor of gϭ2.20, which is closer to the one of hcp Co (g ϭ2.18) than to the one of fcc Co (gϭ2.14). However, this cannot be taken as evidence for a hcp crystal structure of the Co nanoparticles, since the presence of an additional intrinsic dipolar magnetic field could shift the experimental resonance field. Additional measurements at different frequencies are required to determine the g factor unambiguously. Compared to ideal Co films prepared in ultrahigh vacuum, which have a ferromagnetic linewidth on the order of 0.02 T, the linewidth is very large. This is due to the increase of the relaxation rate of the magnetization above T B . The Gaussian line shape indicates an inhomogeneous broadening, resulting from the variation of the effective magnetization and anisotropy in the particles. From the lack of an angular dependence of the resonance field, we conclude that our room-temperature measurements of the 9 nm particles are performed above the blocking temperature. We suppose that our particles are magnetically similar to the ones discussed in Ref. 5 , that is, having similar surface and volume anisotropy contributions. This assumption is supported by the finding discussed below that our 12 nm particles are measured far below their blocking temperature while our 9 nm particles at room temperature are still above the ordering temperature. This also shows that our estimate of the blocking temperature based on the literature data must be modified. One must conclude that our crystals have smaller anisotropies, hence, lower blocking temperatures than the ones discussed in Ref. 5 . This is possible since our particles were prepared by a different chemical method and are not embedded in a matrix which may cause an additional strain anisotropy. In this discussion one should note that our FMR measurements performed at 9 GHz probe a different time window of the thermal fluctuations than quasistatic measurements as low-frequency susceptibility or magnetization measurements 5 do. This also could lead to differences in the experimentally determined blocking temperatures.
In difference to the FMR results for the 9 nm particles, we find a larger ⌬H pp ϭ0.13 T and an angular dependence of the resonance field B r for the 12 nm particles. These particles were prepared on a TEM grid under the same conditions as the ones shown in Fig. 2 . The lower resonance field B rʈ ϭ0.22 T is observed when the magnetic field is applied in the film plane. It is smaller than the paramagnetic resonance field /␥ϭ0.3085 T, which shows that an additional intrinsic magnetic field due to an effective magnetization of all particles is present and that the easy axis of this magnetization is parallel to the grid plane. The increased resonance field B rЌ ϭ0.42 T, which is measured when the field is applied perpendicular to the grid plane, confirms this result. From these temperature-independent measurements it is difficult to say what the origin of the angular dependence of B r is. One has to consider two contributions: ͑a͒ the effective magnetic anisotropy of the individual particle which includes shape, volume, and surface anisotropy contributions, and ͑b͒ the interparticle magnetostatic coupling of the particles ordered in the film plane causing a ''thin-film-''like shape anisotropy. One could assume that the magnetic anisotropy of the individual particles averages out due to a random distribution of the orientation of crystallographic axes of the particles. In this case, the observed anisotropy would be the result of the dipolar coupling only, causing the easy axis of magnetization of all particles to lie in the plane. Using the well-known Kittel FMR equations for ferromagnetic thin films with the magnetic field applied in the film plane (/␥) 2 ϭB rʈ (B rʈ ϩ4M eff ) and out of plane /␥ϭB rЌ Ϫ4M eff , one should be able to determine the effective magnetization M eff . However, M eff cannot be calculated from these simple equations consistently. This shows that either higher-order terms (K 4 ) or large in-plane terms (10 4 J/m 3 ) of the magnetic anisotropy energy have to be included in the analysis ͑for details see, for example, Ref. 11͒. A full angular dependence ͑in plane and out of plane͒ is needed to clarify this problem. However, the possibility that the magnetic anisotropy axes of all the particles point along the same in-plane direction exists, since the colloidal nanoparticles were slowly dried from a solution in a magnetic field. These particles can move within the fluid, and a rotational motion of the magnetized particles during the drying process parallel to the applied magnetic field seems likely. In this case, the finding of a fourth-order contribution to the magnetic anisotropy energy is reasonable, since a preliminary high-resolution TEM structural analysis indicates a cubic structure of the particles. The increase of the linewidth of the 12 nm particles compared to the 9 nm particles and the characteristic change of the line shape between the in-plane and out-of-plane spectra ͑Fig. 4͒ is most likely due to the increase of the effective magnetization and magnetic anisotropy, which are not averaged out by thermal fluctuations as in the 9 nm case. A detailed analysis of the resonance spectra in terms of relaxation times, anisotropy, and magnetization using simulations by Kliavá and Berger 12 is beyond the scope of the present communication and will be published elsewhere.
V. SUMMARY
Nanoscale spherical Co particles ͑4, 5, 9, and 12 nm͒ with a narrow size distribution ͑Ͻ10%͒ were produced and arranged on a two-dimensional regular honeycomb lattice on carbon-coated Cu grids. Angular-dependent FMR spectra were recorded at room temperature, which showed that 12 nm Co particles are magnetically stable at room temperature. Assuming that each Co particle could be addressed as a magnetic read/write ''bit'', this approach offers a simple costeffective way to produce large-scale magnetic recording media with an areal density on the order of terabit per square inches.
